The goal of this article is to review the history of surgery for low-and high-grade gliomas located within the insula with particular focus on microsurgical technique, anatomical considerations, survival, and postoperative morbidity. METHODS The authors reviewed the literature for published reports focused on insular region anatomy, neurophysiology, surgical approaches, and outcomes for adults with World Health Organization grade II-IV gliomas. RESULTS While originally considered to pose too great a risk, insular glioma surgery can be performed safely due to the collective efforts of many individuals. Similar to resection of gliomas located within other cortical regions, maximal resection of gliomas within the insula offers patients greater survival time and superior seizure control for both newly diagnosed and recurrent tumors in this region. The identification and the preservation of M 2 perforating and lateral lenticulostriate arteries are critical steps to preventing internal capsule stroke and hemiparesis. The transcortical approach and intraoperative mapping are useful tools to maximize safety. CONCLUSIONS The insula's proximity to middle cerebral and lenticulostriate arteries, primary motor areas, and perisylvian language areas makes accessing and resecting gliomas in this region challenging. Maximal safe resection of insular gliomas not only is possible but also is associated with excellent outcomes and should be considered for all patients with low-and high-grade gliomas in this area.
T he insular cortex was first named by German neurologist J. C. Reil in 1809 and is a common location for glial tumors. 34 Gliomas within the insula have historically been challenging to manage due to the complex shape and organization of the insular cortex, the insula's functional significance, and its intimate relationship with the internal cerebral artery, the middle cerebral artery, and lenticulostriate vessels. Given these important considerations, prior to the current era, insular gliomas were considered too dangerous for surgical treatment, with an unacceptably high rate of postoperative morbidity. However, over the past 2 decades, large-scale molecular characterization studies, combined with a more complete understanding of the role of cytoreductive surgery for newly diagnosed and recurrent gliomas, have illustrated the importance of maximal extent of resection (EOR) to enhance overall and progression-free survival for all patients. 5, 22, 33, 38 Neurosurgeons have therefore been compelled to develop treatment paradigms for low-and highgrade gliomas located within the insular cortex. Although there remain many unknowns about the function of the normal insula, it is known that resection of gliomas in this region can be accomplished with a low morbidity profile. Efforts to reduce perioperative morbidity have come about through careful study employing anatomical dissections, structural and functional imaging analysis, and language, motor, and cognition mapping, in addition to meticulous prospective and retrospective assessment of patient outcomes and long-term morbidity. 10, 12 In this article, we review the published literature to offer a historical perspective on surgery for patients with low-and high-grade gliomas within the insula.
Anatomy and Function of the Insula Neuroanatomy
Due to an extensive network of afferent connections, the insula has been implicated in a variety of sensory, motor, emotional, and cognitive functions. These associations early on made some authors argue that the insular cortex is functionally unique, providing the underpinning for behavioral and cognitive foundations exclusive to humans. 1, 16 The anatomical location of the triangle-shaped insula, protected within the folds of the sylvian fissure, may have added to the mystique and inspired the name "insula," which is Latin for island ("Island of Reil"; also known as the hidden fifth lobe of the brain). The insular cortex is covered by the frontal, temporal, and parietal lobes (Fig.  1A) . The insular surface faces laterally and is enclosed by the anterior and posterior limiting (also known as circular) sulci. 35 The limiting sulcus has anterior, superior, and inferior parts. Grossly, the insula is composed of an anterior limen insula and is divided by a central sulcus into anterior and posterior parts. Two anterior sulci separate the 3 short gyri, and a single sulcus separates the 2 long posterior gyri. The central sulcus of the insula is in line with the central sulcus of the cerebral hemispheres, separating the frontal and parietal lobes. The insular apex is the highest and most prominent laterally projecting area on the insular convexity. Lying underneath the cortical surface of the pars opercularis is the superior portion of the anterior and middle short insular gyri (Fig. 1A) . Posteriorly, the supramarginal gyrus overlies the superior limiting sulcus and the superior portion of the posterior long gyri (Fig. 1A) . The limen insula overlies the uncinate fasciculus. 6, 44 Additionally, the anterior perforated substance lies medial to the limen. Positioned deep to the insular cortex are the extreme capsule, claustrum, putamen, and external capsule, followed by the anterior and posterior genu of the internal capsule (Fig. 1B) .
The insular cortex has a rich vascular supply, extending from the internal cerebral and middle cerebral arteries (Fig. 2) . The middle cerebral artery bifurcates at the limen insula, forming between 1 and 6 insular M 2 branches, which overlie the insular surface. Insular arteries supply the insular cortex, extreme capsule, claustrum, and external capsule. The lateral lenticulostriate arteries supply the internal capsule, putamen, and globus pallidus. 45, 46 Microscopically, there is progressive loss of granular layer 4, resulting in 3 cytoarchitectural insular areas: granular, dysgranular, and agranular sections. The granular layer has a classic 6-layered cortical structure. Layer 4 becomes thinner in the dysgranular insula and disappears entirely in the agranular insula. Cortical layer 5 is, however, marked by large bipolar neurons with unknown function, which have been documented historically by Ramón y Cajal and Constantin von Economo. 
Network Connectivity
Large-scale network connections within the dominant and nondominant insula suggest wide-ranging functional significance, including sensory, limbic, and cognitive modalities. A large portion of the insula is dedicated to receiving sensory input from both thalamic and cortical afferents, which carry olfactory, gustatory, visual, auditory, and somatosensory information. 16 Together, sensory projections are topographically organized along the insular cortex, but because no modality is purely sensory, the insular cortex can best be thought of as a multimodal integration site. In addition to sensory input, projections from the orbitofrontal and cingulate regions are implicated in reward, drive, and motivation. Connections with the limbic system, particularly the central amygdala, dorsomedial thalamus, hypothalamus, stria terminalis, and parahippocampal gyrus, suggest a role in fear and anxiety.
1,3,27

Functional Significance
Integrated sensory inputs from the thalamus and afferents from areas implicated in emotional processing converge in the insula and subcortical white matter. Functional implications of the insula for human behavior are based almost entirely on functional MRI activation during the administration of assorted tasks and pharmacological lesional studies in rats, both of which have failed to provide a direct causal link that ties specific loci within the insula to function and behavioral change. Topographically organized afferents from the thalamus carry information from many bodily sensations, such as blood oxygenation, carotid baroreceptors, blood pressure, hunger, pain, and thirst. It is therefore believed that the insula functions to integrate autonomic sensory input. 27 This includes both positive and negative emotions, such as fear, anxiety, sadness, joy, anger, and disgust. In healthy subjects, experiments applying Pavlovian fear conditioning illustrate insula activation; however, it remains unclear whether the insula's role is primarily involved in fear promotion or fear inhibition. 16 Given the multimodal sensory and limbic afferents, the insular cortex is thought to be partially responsible for assigning emotional relevance to sensory stimuli. One important but rare example of this anatomical consideration is illustrated in case reports of insula lesioning following stroke, in which patients lacked taste and flavor recognition. 16 Similarly, pain dissociation has been documented to occur following stroke, in which patients recognize pain but lack an appropriate negative response to the stimulus. 16 Interestingly, the anterior insula is active in functional MRI studies when a person observes emotion such as pain in another person, suggesting that the insular cortex contributes to the processing of empathy. Classically, the insula has been implicated in speech and language processing. Both the uncinate fasciculus and the inferior frontal occipital fasciculus (IFOF) extend through the insula subcortical region (Fig. 1C) . 20, 28 The uncinate fasciculus extends from the inferior frontal gyrus, under the Sylvian fissure, terminating in the superior temporal gyrus, while the IFOF extends posteriorly toward the oc- cipital pole (Fig. 1C) . For this reason, subcortical intraoperative brain mapping of language tasks is essential during dominant-hemisphere insular glioma surgery. 24 
Surgery for Insular Tumors Prior to the Modern Era
The argument in support of maximal EOR has evolved over the past 20 years. These efforts began with gross estimates of EOR and volume of residual tumor based on radiology reports separating patients into "subtotal" and "gross-total" resection cohorts. The next wave of studies subsequently employed cross-sectional measures of tumor volume based on the lesion's maximal diameter. This approach led to volumetric measures of EOR. 41 Given the 2016 World Health Organization (WHO) subclassification of gliomas based on molecular features, present investigations weigh the impact of volumetric EOR measures across molecular subgroups, distinguishing, for example, between oligodendroglioma and astrocytoma and isocitrate dehydrogenase 1/2 mutant versus wild-type tumors. 5, 7, 17, 23, 26, 49 Throughout the evolution of this ongoing discussion, EOR for gliomas within the insula has remained a controversial subject. Early on, despite evidence in favor of maximal safe resection, few attempts were made to remove insular gliomas because practitioners believed that surgery in the insula posed too great a risk. Even so, several reports between 2000 and 2009 demonstrated the possibility of insular glioma surgery, chronicling technical considerations and complication rates. [11] [12] [13] [14] 19, 25, 29, 31, 32, 39, 47, [51] [52] [53] Yaşargil et al. first described the transsylvian approach via the pterional craniotomy for 240 patients with tumors of the limbic and paralimbic regions, including the insula. A histological summary of cases and tumor volumes was not provided, but the authors reported seizures as the most common presenting symptom. In their series, 95% of patients experienced "minimal" neurological deficits, with the ability to function independently and eventually return to work over an unknown period of time. These results demonstrated that a microsurgical approach to insular tumors could be considered. This led Yaşargil et al. to subsequently propose a classification system based on whether a tumor was restricted to the insula (type 3), was part of the insula (type 3A), or was included in the adjacent operculum (type 3B). 21, 51, 52 In this classification system, insular lesions involving one or both of the paralimbic orbitofrontal and temporopolar areas were classified, respectively, as type 5A or type 5B. 21, 51, 52 Though comprehensive, this classification system was ineffective at addressing some of the anatomical features relevant to surgery for insular gliomas, such as proximity to potentially functional areas. Ebeling and Kothbauer then reported their experience treating 5 patients (ages 26-51 years) with circumscribed low-grade astrocytomas involving the dominanthemisphere frontal operculum and insular region. Only one patient in this pilot series had a predominantly insular tumor, and the authors chose a transsylvian approach, with intraoperative motor mapping of the frontal operculum. Surgery for this patient was abruptly halted due to sudden contralateral hemiparesis, which was presumed to be secondary to an internal capsule stroke. The overall complication rate for this series was 20%.
14 Based on their postoperative neurological outcomes, the authors advocated for biopsy only in cases of large dominant-hemisphere insular and opercular-insular gliomas.
14 Improvements in microsurgical technique, the more widespread use of cortical and subcortical intraoperative language and motor mapping, and superior neuroanesthesia have contributed to subsequent series reporting improved patient outcomes. Zentner et al. and Vanaclocha et al. reported their experience treating, respectively, 30 and 23 patients with insular gliomas in whom there was a roughly equal distribution of gliomas restricted to the insula and tumors extending into the frontal or temporal operculum. In these series, the authors were able to achieve gross-total resection in 16% 53 and 86% 47 of cases. Sixty-three percent of patients experienced immediate postoperative neurological deficits, including hemiparesis and stroke, which improved to a 10%-22% morbidity rate after a mean follow-up period of 8.5 months. 47, 53 In the next wave of studies, surgeons meticulously dissected anatomical structures and described surgical techniques to maximize safety. 11, 25 Recommendations included the following: 1) wide splitting of the sylvian fissure, 2) awake craniotomy with cortical and subcortical mapping to identify the overlying motor cortex tract and the internal capsule subcortically, and 3) meticulous suprasylvian dissection to avoid coagulation of the long perforating M 2 segment and lateral lenticulostriate arteries during tumor resection.
2,9,11,12,25,31,32,37 Long-term 3-month neurological complication rates subsequently dropped to 8%-10%.
11,19,25
Surgery for Insular Tumors in the Modern Era
While detailed reports outlining microsurgical techniques addressed how insular gliomas could be approached, many important questions remained. Does treatment with maximal resection in patients with insular gliomas confer a survival benefit similar to that of patients with tumors in less risky regions? Does the location of the tumor within the insula impact perioperative morbidity? Are neurosurgeons able to predict EOR and perioperative morbidity based on the anatomical position of the lesion? Are there quality of life, seizure control, and functional outcome limitations experienced by patients? Simon et al. were the first to report on a large series of patients with WHO grade II-IV insular glioma. 39 In their series, EOR above 90% was achieved in 42% of cases, and EOR of 70%-90% was accomplished in 51% of cases. Predictors of poor outcome included WHO grade IV glioblastomas, advanced age, and low preoperative Karnofsky Performance Scale score. Predictors of "favorable" outcome after univariate analysis included younger age at diagnosis (< 40 years); WHO grade I, II, and III histology; Yaşargil type 5A/B tumors that extend into the frontal operculum; and an EOR > 90%. 39 Interestingly, the median survival for patients with WHO grade III anaplastic astrocytomas was 5 years, and the 5-year survival rate for patients with anaplastic oligodendrogliomas was 80%. 39 Sanai et al. published a longitudinal study of 115 surgical procedures involving 104 patients with insular gliomas in order to better understand the relationship between EOR and survival, malignant transformation, and perioperative morbidity. 38 At that time, the literature lacked a clinically useful nomenclature covering the relevant anatomical considerations learned over the prior decade. The Berger-Sanai classification system was therefore introduced, dividing the insular cortex into quadrants based on the sylvian fissure and foramen of Monro. 6, 21, 38 The insula was divided into 4 zones (Fig. 3) . Along the horizontal plane in a sagittal view, the insula straddles the sylvian fissure. This plane is intersected by a perpendicular line at the foramen of Monro. Tumor location was assigned to one or more of these zones. Zone 1 (anterosuperior) was the most common site, with 35% of insular gliomas occurring within this zone. Zone 2 (posterosuperior) tumors represented 6% of cases, extending above the sylvian fissure and behind the foramen of Monro. The precentral gyrus and primary motor cortex are important anatomical considerations for this zone. Zone 3 (inferoposterior) tumors represented another 6% of cases, and these tumors may extend into Heschl's gyrus. Another 6% of insular gliomas were predominantly within zone 4 (inferoanterior) below the sylvian fissure and anterior to the foramen of Monro. It is important to consider subcortical mapping for identification of the internal capsule and corticospinal tract during resection of zone 4 tumors. Using this classification scheme, nearly 40% of tumors were equally represented within 2 zones, and 13% were considered giant, extending into all 4 quadrants. 38 The BergerSanai classification scheme has remained the most widely used tool, with high interuser reliability, as demonstrated by a Kappa coefficient of 0.86. 21 Regardless of zone, recent reports suggest a median EOR of 81%-86% for low-and high-grade insular gliomas. 15, 21, 38, 40 Zone 1 gliomas have the highest median EOR rate (86%). 38 Patients with WHO grade II insular gliomas with > 90% EOR have a 5-year overall survival rate of 100%, while those with < 90% EOR have a 5-year overall survival rate of 84%. Similarly, patients with WHO grade III and IV insular gliomas with an EOR > 90% have a 2-year overall survival rate of 91%, but when the EOR is < 90%, the overall survival rate drops to 75%.
38 Most importantly, EOR for insular gliomas is predictive of both overall and progression-free survival for WHO grade II, III, and IV tumors. 21, 38 Additionally, patients with a lower EOR had greater rates of malignant transformation.
38
Therefore, reoperation at the point of tumor recurrence is a consideration that has recently been addressed. The EOR during reoperation is not impacted by the BergerSanai zone. Following reoperation for recurrent insular glioma, 91% of patients have no new postoperative deficits at 3 months, which is similar to results for newly diagnosed patients. Perioperative morbidity has remained low and no deaths related to surgery have been reported in the recent literature. Awake craniotomy with cortical and subcortical stimulation mapping results in a lower rate of permanent neurological deficits compared with insular gliomas approached without mapping (19% neurological impairment rate for patients without mapping vs 4.3% with mapping, p = 0.008). 2, 18 Furthermore, patients with WHO grade III-IV gliomas are more likely to experience long-term neurological deficits than those with WHO grade II gliomas. 42, 45, 49, 51 With respect to location, short-term neurological complications occur most frequently following resection of zone 1 tumors and giant insular gliomas involving all 4 zones. While the immediate (within 3 days of surgery) short-term complication rate is 20%-26%, after 3 months, the overall complication rate is 3.2%-9% across published reports. 21, 36, 38 New motor neurological deficits occur in 7.8%-9% of patients, resolving to 1.6% within 3 months. 21, 38 Postoperative language deficits occur in 16.3% of patients immediately following surgery, resolving to 0.8% within 3 months. 21, 38 In addition to brain mapping, studies focused on the use of intraoperative assistive technologies such as navigated 3D ultrasound and high-field intraoperative MRI have demonstrated utility, particularly with respect to minimizing postoperative morbidity. 4, 8, 43, 54 The surgical approach to insular gliomas has been revisited in the past decade. Patients are placed in a semilateral position with head parallel to the floor. For the patient with a lesion located in zone 2 or 3 behind the foramen of Monro, the head can be rotated 15° upward, allowing tumor resection beneath functional cortical structures positioned over the posterior insula (Fig. 4) . The vertex of the head is then tipped 15° toward the floor or 15° toward the ceiling, based on whether the tumor is located above or below the sylvian fissure. 38 Dating back to Yaşargil's early publications, the most commonly described route to the insula was the transsylvian approach, splitting the fissure. However, a dominant draining vein is found crossing the sylvian fissure, requiring sacrifice for larger exposures in up to 87% of cases. 6 An alternative transcortical approach has been described in which the overlying frontal, temporal, and parietal cortices are mapped for sites of language, motor, and cognitive significance. Cortical windows are then created through the operculum, exposing the insular cortex and long M 2 perforators (the "cortical window approach"). 6, 21 Working through these windows, the insular component of the tumor is resected. Critical steps include identification of the lenticulostriate arteries, which mark the medical border of the resection. Subcortical mapping permits the identification of the corticospinal tract within the internal capsule. The transopercular cortical window approach is particularly useful for large tumors in all 4 zones because it provides maximal insular exposure and preservation of the bridging veins. 6, 36 Functional outcomes, morbidity, and quality of life remain important considerations when assessing patients with insular gliomas. The insular cortex receives extensive somatosensory, limbic, and cognitive afferent input, yet patients are able to experience a high quality of life and minimal morbidity following surgery in this region. 50 Seizure control is one important factor for quality of life considerations, particularly given that the majority of patients present with seizures. In addition to offering a survival benefit, maximizing EOR for insular gliomas improves seizure control. 48 Furthermore, recurrence of seizures often predicts glioma recurrence and progression. 48 Quality of life, as it relates to language outcomes, is also an important consideration. Despite the uncinate fasciculus and IFOF extending through the insula and the superior longitudinal fasciculus and arcuate fasciculus extending in superior and posterior directions, awake language mapping allows for the surgeon to identify language sites in this critical region (Fig. 1) . Language tasks applied during insular glioma resection include picture naming, text reading, 4-syllable repetition, auditory naming, and syntax production. The majority of patients with dominant-hemisphere low-grade insular gliomas have excellent baseline language task performance, suggesting that language plasticity might play a role. 12 Disability due to severe emotional, mood, autonomic, and personality concerns is rarely observed in patients with insular gliomas either at presentation or following resection. This raises the question of whether thalamic and limbic afferent pathways to the insula are functionally relevant or whether central nervous system plasticity and functional reorganization contribute to these observations.
13,42
Conclusions
The insula's proximity to the middle cerebral and lenticulostriate arteries, primary motor areas, and the perisylvian language network makes accessing and resecting gliomas in this area challenging. The collective contributions of many surgeons, anesthesiologists, anatomists, and behavioral neuroscientists over more than 20 years have shed light on the anatomy and function of this important brain region. Enhanced microsurgical techniques and awake language and motor mapping have been the driving force behind improved patient outcomes. Maximal safe resection of insular gliomas continues to be associated with improved patient outcomes and should be considered for all patients with low-and high-grade gliomas.
